processing, such as mayonnaise, salad dressing, margarines, shortenings, chocolates and ice cream fats 8 .
INTRODUCTION
Diacylglycerol DAG is a kind of structured lipid with the glycerol backbone esterified by two fatty acids FA . It has two isomeric forms, i.e. sn-1, 3-DAG and sn-1, 2 2, 3 -DAG, with a natural isomeric ratio of nearly 7:3 1 . Naturally as the minor component of edible fats and oils with the level up to 10 w/w , DAG has been widely used as additives or carriers in the food, pharmaceutical and cosmetic industries 2, 3 , and generally recognized as safe GRAS by the US Food and Drug Administration FDA . Some recent studies have shown the health benefits of DAGs, such as reducing body weight, lowering serum triacylglycerol TAG level and adjusting postprandial glucose level 4 7 . In 2003, DESO as a functional cooking oil appeared in the markets of Japan and the United States. In addition to as cooking oil, DAG oil has many other applications in food and costly to separate DAG from TAG effectively. As for interesterification of monoacylglycerol MAG and TAG, highly purified MAG is pricey and makes interesterification less industrially attractive. In this study, glycerolysis potentially being an alternative method for DAG production was investigated because of inexpensive reactants, sufficient supply of main feedstock, simple processes, less by-product and reasonable DAG yield in comparison to other methods mentioned above.
During glycerolysis, the immiscibility of TAG with glycerol is the bottleneck of the reaction. Addition of organic co-solvents, such as t-butanol, n-butane and n-hexane to the reaction system can lower the viscosity and therefore increase mass transfer of the reaction 13 17 . Nevertheless, in recent years, preparation of DAG in a solvent-free system has attracted more attention due to being free from flammable and toxic organic solvents. Solvent-free system simplifies product recovery steps and reduces the operation cost 11 . A production of SO-DAG soybean oil-based diacylglycerol with a DAG purity of 53.7 wt had been achieved by glycerolysis using immobilised Lecitase ® Ultra in a solvent-free system 17 .
Stirred-tank reactor and packed bed reactor were commonly applied in the production of DAG 18 20 . In stirredtank reactor, the carrier of immobilized lipase is vulnerable to be destroyed and denatured by the stirring shear force which causes shorter life time of the expensive immobilized lipase. In packed bed reactor, solvents are still needed to dissolve glycerol and oil during the reaction. To solve these problems, Hilterhaus et al applied bubble column reactor BCR in lipase-catalyzed esterification of lauric acid with polyglycerol in a high-viscosity and solvent-free system with gentle and effective agitation by gas bubbling 21 . Excellent heat-and mass-transfer characteristics and low shear force during agitation have resulted in higher production efficiency and higher durability of catalyst.
A modified BCR, equipped with a pneumatic pump which recycled nitrogen through the reactor to save gas consumption, was applied in the production of DAG by glycerolysis of soybean oil SO in this study. Advantages of this new process include 1 easy separation of acyglycerols from excess glycerol by setting, 2 high reusability of immobilized lipase, and 3 avoiding oxidation of products under nitrogen. The effects of enzyme load, substrate mole ratio, reaction temperature, gas flow and reaction time on the yield of DAG were investigated. After purification by molecular distillation MD , the ratio of isomeric forms and the physicochemical properties of DESO were further studied by 1 H-NMR spectroscopy, differential scanning calorimetry DSC , X-ray powder diffraction XRD and polarized light microscope PLM .
MATERIALS AND METHODS

Materials
Soybean oil was purchased from Wilmar Cereal and Oil Co. Ltd. Guangzhou, China . Lipozyme 435 immobilized Candida Antarctica was obtained from Novozymes A/S Bagsvaerd, Denmark . Glycerol was acquired from Tianjin Chemical Reagent Factory Tianjin, China . All solvents and chemicals used were of analytical grade.
Production of DAG in the bubble column reactor
Production of DAG by glycerolysis of SO was carried out in a BCR Handway Technology Co. Ltd., Foshan, China , the simplified flow diagram of the BCR was shown in Fig. 1 . The BCR consisted of a reaction column with the size of 5.0 Fig. 1 Simplified flow diagram of the bubble column reactor for the glycerolysis of soybean oil. cm in inner diameter and 50.0 cm in length equipped with a water jacket. Temperature of the column was maintained by circulating hot water. After preheated, reactants were mixed with immobilized enzymes in reaction column by N 2 gas which was bubbled up through the sieve 0.5 cm in height, 4.5 cm in diameter, 400 mesh from the bottom of the reactor. To reduce N 2 consumption, N 2 was circulated in the reactor by a pneumatic pump. Upon the completion of reaction, the immobilized enzyme was left in the reactor for the next batch reaction, and the liquid phase of reaction mixture was collected through the sieve and then separated into two layers after settling for 30 min. The upper oil layer, termed as crude DESO, was mainly composed of free fatty acid FFA , MAG, DAG and unreacted TAG. Crude DESO was collected for further purification and/or analysis by gas chromatography GC . The lower layer was the excess glycerol.
To compare the reaction efficiency, the reaction mixtures were stirred in a flask heated by a water bath using a magnetic stirrer at 250 r/min under the selected condition. After the reaction was completed, the upper oil layer crude DESO was collected for analysis by GC.
Reusability of Lipozyme 435 in a consecutive glycerolysis reaction
Under the selected condition, the contents of DAG, MAG and TAG in the crude DESO were analysed after each run to evaluate the reusability of Lipozyme 435 in 10 consecutive batches of glycerolysis reaction.
Puri cation of DAG by molecular distillation
The crude DESO was purified by molecular distillation MD-S80, Handway Technology Co. Ltd., Foshan, China to remove mainly FFA and MAG. The parameters of the purification process were: evaporator vacuum of 1.0 Pa, evaporator temperature of 200 , condenser temperature of 50 , feeding temperature of 70 , feeding rate of 3.0 g/ min and roller speed of 300 rpm.
Analysis of acylglycerols and fatty acid composition by gas chromatography
The acylglycerols composition of the final samples was analyzed by GC Agilent 7820A, Agilent Technologies Inc., Palo Alto, CA, USA equipped with a flame ionization detector FID according to the protocol by Wang et al. 22 . Gas chromatography was performed on a DB-1ht capillary column 15 m 0.25 mm 0.1 μm, Agilent Technologies Inc., Palo Alto, CA, USA . Nitrogen was used as carrier gas. Sample 0.5 μL was injected with a split ratio of 20:1. Temperatures of the inlet and the detector were both set at 380 . The oven temperature program was as follow: initial temperature of 50 held for 1 min, then raised to 100 at 50 /min, next raised to 220 at 80 /min, then raised to 290 at 30 /min, further raised to 330 at 50 /min, held for 2 min, and finally held for 3 min after being raised to 380 at 50 /min. Fatty acid composition was analyzed by GC after transmethylation to fatty acid methyl esters. The GC analysis was performed using an Agilent 7820A Agilent Technologies, Inc., Palo Alto, CA, USA equipped with a flame ionization detector. A capillary DB-WAX column 10 m 0.1 mm 0.1 μm, Agilent Technologies Inc., Palo Alto, CA, USA was used. Both injection and detection temperatures were 240 . The oven temperature was programmed as follows: from 100 to 220 10 /min and held at 220 for 2 min, then from 220 to 240 40 /min and held for 4 min at 240 .
1 H-NMR Analysis
The 1 H-NMR spectra were acquired on a Bruker Avance III spectrometer 500 MHz, Switzerland . Sample of 10.0-20.0 mg was dissolved in 0.5 ml CDCl 3 containing 0.05 TMS, and analyzed at 25 . The spectra were recorded under the following acquisition conditions: spectral width 10330.6 Hz, pulse width of 12.760 μs, acquisition time at 3.1719 s, relaxation delay of 2 s and 80 scans.
DSC Analysis
Crystallization and melting profiles of the DESO product were measured by differential scanning calorimetry DSC1, Mettler Toledo, Switzerland . Sample of 10.0-20.0 mg was weighed and sealed in an aluminum pan, with an empty pan as control. Samples were initially heated to 80 and held for 10 min in order to destroy the crystalline memory. The cooling thermogram was obtained by cooling to 50 at 5 /min. After holding at 50 for 10 min, the melting thermogram was obtained by heating the samples back to 80 at 5 /min.
XRD Analysis
The polymorphic form of the DESO was determined on a MSAL-XD-II X-ray diffractometer General Instrument Co. Ltd., Beijing with Cu-tube tension of 36 kV and 20 mA and wavelength of 0.15418 nm was used. The sample was heated to 80 and held for 10 min to destroy the crystals, then stabilized at 10 for 24 h. Analysis was performed at 10 , with tension of 36 kV and 20 mA, scanning from 5 to 30 at a speed of 2 /min.
PLM Analysis
Microscopic observation was performed on a polarized light microscope PLM, SMART-POL; Chongqing Optec Instrument Co. Ltd, China equipped with a temperature controller and a NEX-5R digital camera Sony Corporation, Japan . A drop of melted fat was transferred onto a glass slide with a pre-heated coverslip. The prepared slide was placed on the temperature controller. The sample was first heated to 80 for 5 min to ensure complete melting of the crystals. Then it was cooled to 10 at a rate of 20 /min and maintained for 24 h before observation. The magnification was 400 eyepiece 10 , objective 40 .
Statistical Analysis
Data underwent statistical analysis using SPSS software version 12.0.1, Lead Technologies Inc., Chicago, IL, USA for one-way ANOVA. For comparison of mean values among treatments, the Student-Newman-Keuls test was used to identify significant differences p 0.05 .
RESULTS AND DISCUSSIONS 3.1 Effect of enzyme load
As shown in Fig. 2a , the contents of DAG and MAG increased as the enzyme load increased, whereas the TAG content decreased Fig. 2a . When the enzyme load was 4 wt of substrate mass, 42.5 2.1 wt DAG was obtained in the upper oil layer. Under the same conditions, the DAG content did not increase significantly when the enzyme load was raised to 5 wt of substrate mass p 0.05 .
Theoretically, glycerolysis of SO is an interfacial reaction since SO is immiscible with glycerol. At a low enzyme load, lipase adsorbed to the oil/glycerol interface was below the saturation level, leading to low DAG yield. With increased enzyme load, the interface between SO and glycerol was gradually saturated with enzyme, which leaded to significant increase of the DAG produced 22 . However, there was no significant increase when the enzyme load was over 4 wt . Taking into account of the industrial cost, an enzyme load of 4 wt substrate mass was selected in the following studies.
3.2 Effect of the mole ratio of glycerol to soybean oil Figure 2b showed that the DAG content increased as the mole ratio of glycerol to SO increased from 5:1 to 20:1 but gradually decreased as the mole ratio increased to 25:1.
The peak was at 20:1 which was chosen for further studies. At the ratio of 20:1, the contents of MAG, DAG and TAG were 14.8 0.4 wt , 41.5 0.5 wt and 43.5 0.8 wt , respectively, which indicated that at low level of glycerol/ SO mole ratio, rising amount of glycerol increased the concentration of substrate which facilitated the reaction towards a positive direction. On the other hand, excess glycerol increased viscosity in the reaction system which might decrease mass transfer rates so as to restrain the reaction 17 .
Effect of reaction temperature
In enzymatic glycerolysis, temperature plays a vital role in the thermodynamic equilibrium. High temperature would reduce the viscosity in the oil-glycerol system and increase the substrate solubility 23 . However, high temperature might denature the lipase. Hence, in this study, reactions at different temperatures from 50 to 90 were conducted to evaluate its effect on DAG production.
As demonstrated in Fig. 2c , the DAG content increased with the increase of reaction temperature. Since the immobilized lipase, Lipozyme 435, has more stable conformation than free enzymes, it has wider optimal temperature range 24 . At 80 the DAG content reached 40.8 1.2 wt , and had no significant increase when temperature rose up to 90 p 0.05 . Therefore, reaction temperature of 80 was selected for the reaction.
Effect of gas ow
Theoretically, high gas flow from the bottom to the cylindrical vessel increases contacts between substrates and enzyme, which can promote the glycerolysis reaction. However, high gas flow consumes more nitrogen, thus the reactions were performed at a gas flow ranging from 10.6 to 85.0 cm/min to investigate its effect on DAG production.
As can be seen in Fig. 2d , there was no significant change in the contents of DAG, MAG and TAG by increasing gas flow from 10.6 cm min 1 to 85.0 cm min 1 p 0.05 . The phenomenon might be caused by the saturation of the interface between the substrates and enzyme when 4 wt Lipozyme 435 was used. Therefore, the nitrogen flow of 10.6 cm/min was selected for the subsequent studies.
Effect of reaction time
As shown in Fig. 2e , at 2.5 h, DAG content of up to 49.4 0.5 wt was obtained, but decreased as the reaction time approached 4 h. There was a noteworthy feature that the content of MAG still increased after 2.5 h. This finding was different from the previous studies in which the content of MAG decreased or remained the same at the late stage of the reaction 17, 23 . This was because DAG and excess glycerol could undergo interesterification reaction to form more MAG in later stage of reaction 25 . As a result, 2.5 h was adequate to produce DAG when Lipozyme 435 was used as the catalyst. And the product mixture at 2.5 h consisted of 27.8 0.3 wt MAG, 49.4 0.5 wt DAG and 21.1 0.9 wt TAG.
The contents of MAG, DAG and TAG were 19.6 0.6 wt , 25.6 0.5 wt and 52.7 0.5 wt , respectively when the reaction was performed under the selected conditions. The efficiency in the BCR was more higher that in the stirred reactor due to the more effective mass transfer. Some studies have showed that a long time was needed to achieve high DAG content in a solvent-free system using stirred reactor. Kristensen 
Reusability of Lipozyme 435
The stability and reusability of the biocatalyst are critical factors for successful industrial application. For this reason, experiments were performed to evaluate the reusability of the immobilized enzyme. As shown in Fig. 3 , under the selected conditions, the contents of DAG, MAG and TAG in the crude DESO in the first run, were 44.9 wt , 28.5 wt and 26.2 wt , respectively. After reusing the enzyme 10 times, the contents of DAG, MAG and TAG slightly decreased to 40.4 wt , 24.2 wt and 31.8 wt . It was the operation mode of mild agitation and low shear forces in the BCR that led to the meritorious performance of Lipozyme 435. This BCR protected immobilized enzyme carrier from mechanical disruption and thus maintained its integrity. Hence, glycerolysis of vegetable oil catalyzed by an immobilized lipase in a BCR can be potentially applied in industrial production of DAG.
Acylglycerols and fatty acid composition of DESO
Acylglycerols and fatty acid composition FAC of SO and DESO are shown in Table 1 . The final product was obtained by purification through MD. After glycerolysis and one-step MD, the composition of DESO was 63.5 0.3 wt DAG, 36.5 0.4 wt TAG, and MAG has been removed as a by-product. 1 H-NMR analysis showed that the ratio of 1, 3-DAG to 1, 2-DAG was 2: 1 in the glycerolysis product and there was no significant change of the ratio in DESO before and after MD Table 1 . The results coincided with the discovery that long-chain DAG displayed a ratio of 1, 3-DAG to 1, 2-DAG at equilibrium about 2:1 26 .
Compared with the original SO, the composition of saturated FA and unsaturated FA in DESO remained constant, which indicated that Lipozyme 435 showed no selectivity towards the FA between C16 and C18 during the glycerolysis of SO. It was also proved that MD was an effective approach to enrich DAG without thermal decomposition, which confirmed the results previously reported 22, 27, 28 . Figure 4 showed crystallization and melting curves of SO and DESO, and their onset/peak/offset temperatures and cooling/melting enthalpies were summarized in Table 2 . The DSC thermogram of SO was found to have two exothermic peaks in very low temperature range from 43 to 9 with lower cooling enthalpies peak I: 5.5 J g 1 , peak II: 1.4 J g 1 since SO was rich in unsaturated FAs. As for DESO, a small crystallization peak ΔH 4.5 J g 1 , peak temperature 3.0 was first observed, followed by a main exothermic peak ΔH 24.9 J g 1 , peak temperature 16.4 Fig. 4a , Table 2 . This broad peak peak I might be caused by the different crystallization rates of different DAG components 29 . And peak II was about 5 times larger than peak I, which meant the second crystallization stage formed more crystal fraction than the first one did.
Crystallization and melting properties
As shown in Fig. 4b , SO was observed to have four endo- , medium melting fraction 20 to 0 and high melting fraction 0 to 20 , respectively. Peak I in the low melting fraction might be caused by TAG in DESO, while peak II and peak III at temperatures of 6.4 and 11.1 was due to the different melting points of different DAG components.
The crystallization onset of DESO was found to be 5.9 , and it completely melted at 14.0 . While SO had a crystallization onset of 9.2 , it fully melted at about 2.8 Fig.  4a, b . DESO had a higher melting point than SO. It was reported that the melting point of DAG was higher than that of TAG with the same fatty acid composition 8 . It was believed that the rising melting point was due to higher polarity of DAG with one free hydroxyl group.
DAG with higher melting point was found wide application in food industry potentially. Nomura et al. 30 
Polymorphic form of DESO
Polymorphism is defined as the ability of a compound to form different crystalline structures and there are three typical polymorphic forms in fats: α , β and β 32 . For the XRD spectra, the α form is characterized by a single diffraction line at 4.15 Å, with a 2θ of about 21 . The β form has a 2θ at 23.0 and 20.8 , equivalent to short spacings of 3.8 Å and 4.2 Å. The β form has a strong diffraction line at 4.6 Å and the 2θ is approximately 19.1 33, 34 .
XRD spectrum of DESO was shown in Fig. 5 . DESO ex- 36 . According to Timms research, confectionery fats made of cocoa butter had mainly the β form crystalline 37 . As for the β -crystal, it is the preferable polymorphic form of margarine or spreadable fats, which exhibits a very fine crystal network 38 . Furthermore, Saberi et al. has reported that 10 PB-DAG palm-based diacylglycerol might be used as β -stabilizing agent in palm-based products, while addition of 30 and 50 of PB-DAG promoted the crystallization 39 . So a conclusion could be drawn that DESO would have wide applications in confectionery fats, spreadable fats and margarine to promote crystallization and also as functional ingredients. Figure 6 displayed the crystal morphology of DESO observed under PLM at 10 . Since DESO had a melting point of 14.0 , both liquid fraction gray part and some crystals white part was found in the polarizing microscope image. Crystals with two different morphologies, granular aggregation white circle and round-shaped crystals white rectangle with diameters of 3-10 μm were observed in DESO at 10 . The granular crystals might be β form, while the round-shaped crystals might be β polymorph since β form had a larger crystal than β form. Saitou et al. had also found that small round-shaped crystals with diameters ranging 5-20 μm observed in DAG-enriched oil at about 6 29 .
Crystal morphology of DESO
CONCLUSION
In current research, a new promising approach was developed to produce DESO through glycerolysis of SO catalyzed by Lipozyme 435 in a BCR under the solvent-free system. Under the selected condition, 49.4 0.5 wt DAG was obtained. High activity and stability of Lipozyme 435 was maintained even after 10 consecutive trials by using BCR. After purification by MD, the DAG content of DESO reached 63.5 0.3 wt . The ratio of 1, 3-DAG to 1, 2-DAG of the final product was 2: 1 and no significant change was observed before and after purification. No significant differences of fatty acid composition of DESO and that of SO were found. However, the thermal properties differed in that DESO had a higher melting point and crystallization onset than SO. Polymorphic form study found DESO was mainly in β form and little in β form. The DESO was found to contain granular aggregation and round-shaped crystals. 
